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Abstract
Dystonia is a neurological disorder in which sustained muscle contractions induce twisting and repetitive movements or
abnormal posturing. DYT1 early-onset primary dystonia is the most common form of hereditary dystonia and is caused by
deletion of a glutamic acid residue (302/303) near the carboxyl-terminus of encoded torsinA. TorsinA is localized primarily
within the contiguous lumen of the endoplasmic reticulum (ER) and nuclear envelope (NE), and is hypothesized to function
as a molecular chaperone and an important regulator of the ER stress-signaling pathway, but how the mutation in torsinA
causes disease remains unclear. Multiple lines of evidence suggest that the clinical symptoms of dystonia result from
abnormalities in dopamine (DA) signaling, and possibly involving its down-stream effector adenylate cyclase that produces
the second messenger cyclic adenosine-39,5 9-monophosphate (cAMP). Here we find that mutation in torsinA induces ER
stress, and inhibits the cyclic adenosine-39,5 9-monophosphate (cAMP) response to the adenylate cyclase agonist forskolin.
Both defective mechanins are corrected by the small molecule 4-phenylbutyrate (4-PBA) that alleviates ER stress. Our results
link torsinA, the ER-stress-response, and cAMP-dependent signaling, and suggest 4-PBA could also be used in dystonia
treatment. Other pharmacological agents known to modulate the cAMP cascade, and ER stress may also be therapeutic in
dystonia patients and can be tested in the models described here, thus supplementing current efforts centered on the
dopamine pathway.
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Introduction
The DYT1 early-onset primary dystonia is the most severe form
of hereditary dystonia and is caused by a mutation in the gene,
TOR1A (DYT1), encoding torsinA protein [1]. Current treat-
ments include high dose anticholinergics, which are only partially
effective and can compromise learning and memory [2]. Another
available treatment for dystonia is deep brain stimulation (DBS),
which involves an implant of stimulating electrodes into the basal
ganglia [3]. Although DBS can be effective in treating some DYT1
dystonia patients, it is a neurosurgical procedure with concomitant
risks and high cost. The DYT1 dystonia-associated protein,
torsinA, is a ubiquitously expressed protein in many organs,
including the central nervous system (CNS). Intriguingly, in
patients with DYT1 dystonia, only the CNS is affected. The
clinical phenotype of dystonia is thought to result from decreased
function of torsinA causing defects in neuronal function, including
abnormal dopaminergic neurotransmission in the basal ganglia
[4]. However, the role of torsinA and the correlation between the
dysfunction caused by the mutation and the dystonic phenotype
remain unclear. Many studies at the biochemical, structural, and
cell biological levels have been performed in order to characterize
torsinA [5,6]. These studies, together with the generation of
several animal models [7–9], have contributed to the identification
of cellular compartments and pathways affected by mutant
torsinA, including the nuclear envelope (NE) [10,11], cytoskeleton
[12,13], cell migration [12,14], secretory pathway [15–18],
dopamine pathway [5,19–22], synaptic vesicle recycling [22],
endoplasmic reticulum (ER) stress [23,24], and endoplasmic
reticulum-associated degradation (ERAD) [24,25], where torsinA’s
function may be crucial for the cell homeostasis.
To define therapeutic pathways to target dystonia, it is
important to identify cellular processes affected in the brain.
Our studies with dystonia animal models and fibroblast cells from
DYT1 patients have implicated decreased intracellular levels of
cAMP in these DYT1 dystonia models when compared to
controls. Alterations of the second messenger cAMP affect normal
brain function such as in synapses, neuronal memory, and striatal
plasticity [26–28], and can also be found in several neurological
PLOS ONE | www.plosone.org 1 November 2014 | Volume 9 | Issue 11 | e110086diseases, such as in Fragile X [29,30], and in Huntington disease
[31,32]. In the cells, the concentration of cAMP is regulated by
adenylate cyclases (AC) and phosphodiesterases (PDEs), respec-
tively in its synthesis and its degradation [33].
Dopamine is the pathway most extensively studied in dystonia.
Genetic mutations of the GCH1 gene, which codes for guanosine
triphosphate cyclohydrolase I (GTPCH I) [34], the tyrosine
hydroxylase (TH) gene [35], and the guanine nucleotide binding
protein (GNAL) gene [36] are found in dystonia, and surprisingly
share a common mechanism associated with the cyclic cAMP/
PKA pathway. GCH1 and TH gene products participate in
dopamine synthesis in the presynaptic neurons and both genes are
regulated by cAMP [37–39]. GNAL gene encodes G a olf, a
stimulatory subunit for heterotrimeric G-protein complexes
(GPCR) [35]. Upon activation, G a olf stimulates the coupling
of some GPCR subtypes such as dopamine receptor D1R,
dopamine receptor D5DR, and adenosine receptor A2AR with
adenylate cyclase, resulting in the generation of cAMP, and
protein kinase A (PKA) activation [40].
Our previous studies suggest that the presence of torsinADE
somehow contributes to ER stress load [23,24]. We recently
obseved that our DYT1 dystonia cell models have increase ER
stress and reduced intracellular cAMP levels. While it is not clear
how the mutant torsinADE affects ER stress and cAMP
production, we find these defects are rescued by treatment with
4-phenylbutyrate (4- PBA), a small molecule that suppresses the
ER stress response to misfolded proteins. The findings open new
perspectives on repairing disrupted ER stress and cAMP signaling
in dystonia, in which torsinA may play a new key role.
Materials and Methods
Ethics Statement
All human cell lines and protocols in the present study were
carried out in accordance with the guidelines approved by
institutional review boards (IRB) at Partners Human Research
Committee (Protocol #: 2007P001632/MGH). Fibroblast cell
lines received from Dr. Xandra Breakefield laboratory were
previously collected through a Yale Medical School research
protocol between 1974–1984. Individuals enrolled in this research
protocol had skin biopsies taken, and signed consent forms. All
animal study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Massachusetts General Hospital
(MGH) Institutional Animal Care and Use Committee (IACUC)
(Protocol Number: 2004N000271/MGH). All surgery was per-
formed under anesthesia, and all efforts were made to minimize
suffering.
Animals
Heterozygous Tor1A knockout mice (Tor1A
+/2) [9], and
Heterozygous Tor1A knock-in mice (Tor1A
wt/DE) [7,9] were
received from Dr. Yuqing Li (University of Florida, Gainesville,
FL, USA). We crossed Tor1A
+/2 and Tor1A
wt/DE mice to
generate timed pregnancies. The day of vaginal plug detection was
considered embryonic day 0 (E0). Embryonic neuron cultures
were prepared from each embryo on embryonic day 15 (E15). The
genotype of each embryo was identified as reported previously
[7,9].
Mixed cortical and striatal neuron culture
Mixed cortical and striatal neuron cultures were prepared from
invidual E15 mouse embryos. Briefly, embryos were removed by
Caesarean section from a pregnant mouse. Cortices and striata
from embryonic mice were dissected and stored in ice-cold 1 x
phosphate buffered saline (PBS). The cortices and striata of
individual embryos were dissociated with 0.625% trypsin at 37uC
in neurobasal media (NBM, supplemented with B27, N2, 500 mg/
ml streptomycin, 100 IU/ml penicillin and 2 mM L-glutamine, all
from Invitrogen, Carlsbad, CA, USA). Trypsin was removed and
Dulbecco’s Modified Eagle Medium plus nutrient mix F12
(DMEM/F12, Invitrogen) supplemented with 10% fetal bovine
serum (FBS, Invitrogen), N2 supplement and penicillin/strepto-
mycin added to inactivate the trypsin. Cortices and striata were
treated with 12.5 mg/ml DNase I (Sigma, St. Louis, MO, USA) in
DMEM/F12+ FBS for 5 min at 37uC and homogenized. Cell
suspension was then diluted in NBM supplemented with with B27,
0.5 mM L-glutamine. The cells were counted and then plated on a
96-well plate coated with polyethyleneimine (Sigma, St. Louis,
MO, USA) in 0.15 M Borate Buffer at a density of 4610
4 cells/
well. For each embryo, we generated approximately 8 wells. Half
the media was replaced with fresh media every two days. The cells
were treated with 5 mM cytosine arabinoside (ARA-C) four days
after being plated and the total media was changed after 24 hours.
The density of immunoreactive cells positive for bIII tubulin (a
neuronal marker), and GFAP (a marker of astrocytes) was
performed in parallel at 5–8 days in vitro (DIV). Results showed
that the majority of cells (99.5%) were positive only for bIII
tubulin. Note that cultures from individual neurons (an average of
10 well in 96 plates per embryos) were maintained for 10 days, and
were then used for cAMP assay.
Mouse embryonic fibroblast cells (MEFs)
MEF cultures were prepared as described [12,41] from single
embryos (embryonic day 15) of mating between heterozygous
torsinA knockout mice or torsinA knock-in mice. Cells were grown
in DMEM (GIBCO, Rockville, MD) as described [41]. MEFs cells
were seeded, and incubated overnight before the cAMP assay.
Human fibroblast cell culture
Primary human skin fibroblasts of control fibroblasts (HF6,
HF19) and of DYT1 patient’s fibroblast (HF48) were generated in
Dr. Breakefield ‘s laboratory as described previously [42], under
IRB approved guidelines. Fibroblast control cell lines GM00023,
GM00024, GM01651, GM02912, and DYT1 patient fibroblast
cell lines GM02551, GM03208, GM032011, GM02306 were
purchased from Coriell Institute for Medical Research (Camden,
NJ). The Coriell Cell Repository maintains the consent and
privacy of the donor fibroblast samples. DYT1 patient fibroblast
cells, FFF13111983 [43], were provided from Dr. Mirella
Filocamo (Biobank from Patients affected by Genetic Diseases,
L’Istituto Giannina Gaslini, Genoa, Italy), a member of the
Telethon Network of Genetic Biobanks (project no. GTB12001).
The primary fibroblast cells were grown in culture, as described
[24]. For more information about the human fibroblast cell lines,
see Table S1. Human fibroblast cells were seeded, and incubated
overnight before the cAMP assay.
Western blot
SDS-PAGE electrophoresis and protein transfer were carried
out as described [23]. Membranes were probed with antibodies
against b-actin (1:5,000), and mouse torsinA (1:1000) (Abcam)
diluted in TBST and visualized with HRP conjugated to
secondary antibodies and SuperSignal West Pico Chemilumines-
cent Substrate (Pierce). Secondary antibodies for Western blots
were sheep anti-mouse IgG-HRP (1:10,000) or donkey anti-rabbit
Dystonia in ER Stress and cAMP Signaling
PLOS ONE | www.plosone.org 2 November 2014 | Volume 9 | Issue 11 | e110086IgG-HRP (1:10,000) (Amersham Pharmacia Biotech, Piscataway,
NJ).
Chemicals
Forskolin (Sigma, St. Louis, MO, USA) was dissolved in DMSO
at 10 mM concentration. Thapsigargin (Sigma, St. Louis, MO,
USA) was suspended in DMSO at 3 mM. The phenylbutyric acid
or 4-phenylbutyrate (4-PBA; Sigma, St. Louis, MO, USA) was
dissolved in filtered sterile water at a 1 M stock concentration.
cAMP ELISA Assay
We have optimized an ELISA cAMP assay (GE Healthcare) to
determine cAMP intracellular levels in dystonia cell models.
Briefly, neuron cells were seeded in a 4610
4 cells/well (neurons)
and 5610
3 cells/well (fibroblasts) in 96-well plates. Fibrolast cells
were incubated overnight before the assay, and neurons were
culture for 10 days prior to the assay. After 30 minutes incubation
with or without 10 mM forskolin, the cAMP levels were
determined according to the manufacture’s instructions. At least
three independent experiments were performed for each assay.
Data were normalized to the amount of protein in each sample, as
determined using a dye-binding protein assay (Bio-Rad).
ATP/Cell viability analysis
Neuronal and fibroblast viability was evaluated by CellTiter-
Glo luminescent cell viability assay (Promega, Madison, WI) to
determine the number of viable cells in culture based on the
quantitation of ATP levels, indicating the presence of metaboli-
cally active cells. Briefly, primary neurons and fibroblast cells were
grown as described above and a volume of CellTiter-Glo Reagent
was added to each well equal to the volume of cell culture
medium. Then, the contents were mixed for 2 min on a shaker to
induce cell lysis and the plates were incubated at room
temperature for 10 min in the dark. Cellular luminescence
intensity was measured using a Luminometer (Dynex Technolo-
gies, Chantilly, VA).
Quantitative real-time qPCR
Total RNA of cells was extracted with RNeasy mini kit (Qiagen,
Valencia, CA). The cDNA was prepared from total RNA using
Superscript first-strand synthesis system (Invitrogen) with the oligo
(dT)
12–18 primers, according to the manufacturer’s instructions.
RNA samples were treated with DNase I (Invitrogen) for the
elimination of genomic DNA. Human spliced form of XBP1
mRNA expression (forward: 59-AACCAGGAGTTAAGA-
CAGCGCTT-39, reverse: 59-CTGCACCCTCTGCGGACT-39)
was determined by real-time qPCR using relative quantitation by
the comparative threshold cycle number (Ct) method, iCycler, and
SYBR Green Ready-mix (Bio-Rad, Hercules, CA) and normalized
by glyraldehyde-3-phosphate dehydrogenase (GAPDH) expres-
sion. Preliminary experiments were performed with each primer
pair to determine the amplification temperature that provided an
optimal correlation between template concentration and signal
intensity. At least three independent experiments were performed
for each assay.
Data analysis and statistics
Statistical analysis was performed using GraphPad Prism
software (version 3.0). Results are expressed as mean 6 S.E.M.
of at least three separate experiments unless otherwise indicated.
Statistical significance of comparison between two groups was
determined by two-tailed Student’s t-test where indicated.
Multiple comparison analyses of variance between the groups
were performed by a one-way ANOVA test, followed by a Tukey’s
multiple comparison post hoc tests. Significant differences were
considered at p values of less than 0.05.
Results
Abnormal torsinA function downregulates cAMP
production in dystonia mice and human cell models
We first observed a potential relationship between mutant
torsinA and adenylate cyclase during our studies using cholera
toxin to examine the role torsinA might play in ERAD [24]. We
found that cAMP levels in cell lines expressing mutant torsinA
were lower after treatment with cholera toxin, a well known cAMP
agonist, when compared to control cell lines.
Thus, to test the hypothesis that torsinA status might affect
agonist-induced adenylate cyclase activities, we examined cAMP
production in several dystonia models using forskolin, which is a
general and direct activator of the adenylate cyclases. We first
demonstrated complete lack of torsinA expression in torsinA
knockout model (Figure 1A). Then, we investigated the forskolin-
induced cAMP response in wild-type (torsinA
+/+), and homozy-
gous (torsinA
-/-) MEFs (Figure 1B), as well as from torsinA
+/+,
torsinA
+/-, and torsinA
-/- neurons from knockout dystonia mice
(Figure 1C). Results showed a strong loss of cAMP signal in
torsinA
-/- MEFS (n=3; p,0.001; Figure 1B), and in torsinA
-/-
neurons (n=3; p,0.01; Figure 1C) compared to wild-type
controls upon stimulation of the cells with forskolin. Similar
results were obtained in primary neuron cultures from torsinA
knock-in mice (Figure 1D). The presence of torsinADEi n
heterozygous and homozygous neurons led to lower levels of
cAMP (n=3; p,0.05; Figure 1D), when compared to controls.
Furthermore, we confirmed that the inhibition of forskolin-
induced cAMP production in cells lacking torsinA or expressing
mutant torsinA, torsinADE, were not due to a reduction of
intracellular levels of ATP in our DYT1 dystonia models, which
could have confounded our results (Figure 1E, and 1F). There
were no significant differences in the ATP levels measured in this
study between wild type cells and cells from knockout (Figure 1E)
or knock-in mice (Figure 1F).
To test whether these results translate to human cell models, we
investigated whether cAMP levels were also altered in human
fibroblast lines prepared from various dystonia DYT1 patients and
healthy controls. At rest, there was no overall difference between
control and DYT1 fibroblasts in basal levels of intracellular cAMP
(Figure 2A). After forskolin stimulation, however, the induction of
cAMP levels in DYT1 cells was significantly lower compared to
control cells (n=3; p,0.05; Figure 2A). One of the control cell
lines, GM00023B, presented the lowest cAMP response to
forskolin among control cell lines, and comparable in magnitude
to the signals observed in DYT1 fibroblasts. However, we also
observed that the GM00023B cells also presented the lowest basal
level of cAMP, suggesting a general lower activity of adenylate
cyclase in this specific line. Thus, to control for this, the cAMP
levels induced by forskolin were normalized to the basal level of
cAMP for each cell line and represented again by fold change after
forskolin treatment. When the data was normalized to cell basal
levels, all fibroblasts from healthy patients had uniformly increased
responses to forskolin stimulation compared to all DYT1 fibroblast
lines (n=3; p,0.001; Figure 2B).
4-PBA, an ER stress inhibitor, rescues ER stress and cAMP
defects in DYT1 patient fibroblasts
We previously reported that the absence of torsinA or the
presence of malfunctioned torsinADE induces ER stress [23,24].
Dystonia in ER Stress and cAMP Signaling
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fibroblast cells by quantitative real-time PCR (qPCR) of the
spliced form of the transcription factor X-box binding protein 1
(sXBP1). Our results show that DYT1 fibroblasts induced more
XBP1 splicing (Figure 3) in both unstimulated (DMSO treatment),
and stimulated (Thapsigargin treatment) conditions compared to
control cells. Also we confirmed that neurons expressing
torsinADE have higher levels of sXBP1 compared to control
neurons (Figure S1) in unstimulated conditions. This suggests that
the presence of torsinADE enhances ER stress.
Furthermore, we investigated whether 4-PBA, a small molecule
with chaperone-like activity, may decrease ER stress in our
dystonia cell models. 4-PBA major function is to scavenge
ammonia and glutamine [44], however, recent studies have
described 4-PBA as a potent inhibitor of HDAC [45], and function
as a chemical chaperone during ER stress [46]. Rubenstein et al.
first discovered the chaperone-like activity of 4-PBA when
examining its effect on the trafficking of CFTRDF508 to the cell
surface [47]. In ER stress, 4-PBA may improve mislocalization,
Figure 1. Absence of torsinA or presence of torsinADE, downregulates cAMP production in dystonia animal models. (A) Lysates from
mouse embryonic fibroblasts (MEFs) cells from controls (torsinA
+/+) and MEFs from knockout torsinA mice (torsinA
-/-) were resolved by SDS-PAGE, and
immunoblotted with antibodies specific to mouse torsinA (torsinA), and b-Actin, showing the absence of torsinA in torsinA
-/- MEFs. (B) To analyze
differences in cAMP levels in torsinA
+/+, and torsinA
-/- MEFs, the cAMP production was measured under basal conditions and in response to the direct
adenylate cyclase agonist forskolin (10 mM). Although no significant differences in basal cAMP production were observed in MEFs cells, there was a 5-
fold reduction (***P,0.001; Student t-test, n=3 experiments) in torsinA
-/- MEFs after forskolin stimulation compared to control torsinA
+/+ MEFs. (C)
Primary mixed cortical and striatal neuronal cultures of individual E15 embryos from controls littermates (torsinA
+/+), heterozigous Knockout torsinA
(torsinA
+/-), and homozigous Knockout torsinA (torsinA
-/-). No signicant differences in basal cAMP production were observed, however a 1.5 fold
reduction of cAMP levels was also observed in torsinA
-/- neurons (**P,0.01; Student t-test, n=3 experiments) after forskolin stimulation compared to
control torsinA
+/+, neurons. (D) Same results were found in knock-in dystonia models. A 1.2 fold reduction in the cAMP production was obseved in
heterozygotes Knock-in (torsinA
WT/DE) neurons (*P,0.05; one-way ANOVA and Tukey’s post hoc comparison, n=3 experiments), and a 1.4 fold
reduction in homozygotes Knock-in (torsinA
DE/DE) neurons (*P,0.05; one-way ANOVA and Tukey’s post hoc comparison, n=3 experiments) in
forskolin-stimulated cAMP production cells compared to control torsinA
wt/wt neurons. (D) Since adenylate cyclase catalyzes the conversion of ATP to
cAMP, intracellular ATP levels were measured from torsinA
-/- MEFs and control torsinA
+/+ MEFs (E), and in heterozygous or homozygous Knock-in
neurons (F), when compared to controls. The intracellular ATP levels were determined from cell lysates using the ATP-Glo
TM Bioluminometric Cell
Viability Assay. No significant differences were found in the ATP levels (n=3 experiments).
doi:10.1371/journal.pone.0110086.g001
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human disease [48].
In parallel experiments, gradual titrations of 4-PBA (2.5, 5, 10,
15 mM, 20 mM) were performed to assess the effects of PBA on
ER stress in health fibroblast cells, and in DYT1 fibroblast cells.
We observed, however, that treatment with concentrations 2.5 and
5 mM did not affect ER stress in health fibroblast cells, or in
DYT1 fibroblast cells (Figure 3A). However, the treatment with
10 mM 4-PBA abrogated the thapsigargin response in DYT1
patient fibroblast cells (n=3; p,0.001; Figure 3B), but had no
effect on the response to thapsigargin in healthy fibroblast cells. In
contrast, higher concentrations 15 and 20 mM 4-PBA were toxic
for both cell types (data not shown). This result suggests that
reduced chaperone function in cells expressing torsinADE may be
responsible for increased ER stress. Since impaired expression of
G protein coupled receptors (GPCRs) may be responsible for
deficits in the cAMP/PKA signaling, we assessed whether
mitigation of ER stress with 4-PBA could rescue the cAMP
defects of DYT1 fibroblast cells (Figure 4A). We observed that the
treatment with 4-PBA enhanced the cAMP response to forskolin in
DYT1 patient fibroblast cells, with signals comparable to control
cell lines (n=3; p,0.05; Figure 4A). We note that pretreatment of
4-PBA reducing ER stress did not affect the forskolin-stimulated
cAMP level in the control cell lines (Figure 4A), suggesting that 4-
PBA had effects only on cells expressing mutant torsinA. Thus, 4-
PBA appears to rescue both ER stress and cAMP accumulation in
DYT1 fibroblast cells. In addition, we observed no significant
changes in ATP levels measured in this study between healthy
fibroblast cells and DYT1 patient fibroblast cells (Figure 4B).
Discussion
Here, we addressed the involvement of torsinA in the response
to ER stress and to the cAMP pathways. How these two pathways
are linked mechanistically remains unclear, but it is possible
though that the ER stress induced by mutant torsinA in patients
with DYT1 dystonia contributes to neuronal dysfunction through
a cAMP defect (Figure 5). In our previous studies on the torsinA-
related AAA-ATPase p97, which also operates in ERAD and
induces ER stress upon dysfunction, we found an inhibitory effect
on adenylate cyclase when p97 was mutated [49]. Remarkably, we
Figure 2. Adenylate Cyclase (AC) activity is reduced in DYT1 dystonia patient fibroblast cells. (A) A 2.5-fold reduction (*P,0.05; one-way
ANOVA and Tukey’s post hoc comparison, n=3 experiments) in the cAMP accumulation was observed by DYT1 patient fibroblast cell lines (6 cell lines
represented in black 7–12: GM02306, GM02551, GM3208, GM03211, FFF13111983, HF48) compared to healthy fibroblast cell lines (6 cell lines
represented in white 1–6: GM00023, GM00024, GM01651, GM02902, HF6, HF19) in response to forskolin (10 mM). The line GM00023 from a healthy
subject (1) showed no significant increase when compared to DYT1 patient fibroblast lines. (B) Results are also expressed as fold increase over basal
cAMP level of each cell line. All DYT1 fibroblast lines have decreased response to forskolin stimulation compared to healthy fibroblast cells, including
GM00023 (**P,0.01; one-way ANOVA and Tukey’s post hoc comparison, n=3 experiments).
doi:10.1371/journal.pone.0110086.g002
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caused by torsinA mutants and this is associated with rescue of the
forskolin-induced cAMP-response. We propose that 4-PBA might
have therapeutic benefits in patients with dystonia.
Defective proteasome function and ER stress have a contrib-
uting role in various neurologic diseases [50]. In response to stress,
cells temporarily decrease protein synthesis, delay membrane
trafficking, increase movement of unfolded proteins out of the ER
into the cytoplasm via ERAD, and up-regulate transcription of
some chaperone proteins [51]. Recently, our group has shown an
aberrant regulation of proteasome activity in dystonia [24].
Protein components of the ERAD pathway, for example, p97
and Derlin-1, as well as torsinA, have been found in inclusion
bodies in brain and peripheral nerves from patients with a variety
of neurodegenerative diseases, as well as dystonia [52–55].
Additionally, complementary evidence indicates that torsinA can
reduce ER stress caused by ER protein overload in nematodes,
and that torsinA deficient MEFs have increased levels of ER stress,
as compared with wild-type MEFs [23,24]. Interestingly, it has
been proposed that ER stress can cause down-regulation of cAMP
production in diabetes [56], and that a cAMP elevating reagent
(CGS21680, an adenosine A2 receptor agonist) enhances protea-
some activity in synapses of the striatum of R6/2 Huntington
mouse model [57]. Interestingly, it has been shown that the
proteasome activity can be regulated by PKA [58]. Future studies
are needed to determine whether the impairment of proteasome
activity in cells expressing torsinADE may cause accumulation of
PKA regulatory subunits and/or suppression of PKA activity.
Our findings linking ER stress and cAMP signaling in dystonia
models, also highlights that there is much to consider about striatal
Figure 3. 4-PBA alleviates ER stress in dystonia models. (A) Healthy control fibroblast cells lines (average of 3 lines: HF6, HF19 and GM02912)
and DYT1 patient fibroblast lines (average of three lines: GM02306, GM02551 and GM03211) were treated for 18 hours in the absence or presence of
2.5 or 5 mM concentrations of 4-PBA, then challenged or not with 1 mM thapsigargin (Thaps.) for 3 hours. We have not observed significant
differences in sliced XBP1 (sXBP1) levels, an ER stress marker, upon 4-PBA treatments (2.5 and 5 mM) in healthy control or DYT1 fibroblast cells. (B) As
shown in (A), healthy fibroblast cells lines (3 lines represented in white 1–3: HF6, HF19, and GM02912) and DYT1 patient fibroblast cell lines (3 lines
represented in black 4–6: GM02306, GM02551, and GM03211) were treated for 18 hours in the absence or presence of 10 mM concentration of 4-
PBA, then challenged or not with 1 mM thapsigargin (Thaps.) for 3 hours. DYT1 fibroblasts cell lines have increased levels of mRNA expression levels
of sliced XBP1 (sXBP1), an ER stress marker, compared to healthy controls (**P,0.01; one-way ANOVA and Tukey’s post hoc comparison, n=3
experiments) when stimulated with thapsigargin. However, when DYT1 fibroblast cells were pre-treated with 10 mM 4-PBA, they showed reduced
sXBP1 levels, similar to healthy control lines. A 1.2 reduction in the sXBP levels was observed when DYT1 fibroblast cells challenged with thapsigargin,
and treated with 4-PBA (**P,0.01; one-way ANOVA and Tukey’s post hoc comparison, n=3 experiments). The results indicate that the presence of
torsinADE induces ER stress in fibroblast cells, however, 10 mM 4-PBA treatment decreases ER stress in DYT1 patient lines.
doi:10.1371/journal.pone.0110086.g003
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PLOS ONE | www.plosone.org 6 November 2014 | Volume 9 | Issue 11 | e110086signaling to cAMP and PKA. Benzodiazepines are frequently used
in the treatment of dystonia. This drug has muscle-relaxant
properties and alleviates pain caused by muscle spasms and
various dystonias [59,60]. Interestingly, the administration of
diazepam, a benzodiazepine anxiolytic, in rhesus monkeys, is
known to increase cAMP by inhibiting PDE cAMP hydrolysis
[61].
Figure 4. cAMP defects in dystonia models are rescued by 4-PBA treatments. (A) Healthy control fibroblast cells (3 lines represented in
white 1–3: HF6, GM01651, and GM02912) and DYT1 patient fibroblast cells (3 lines represented in black 4–5: GM02306, GM02551, and GM03211) were
pre-treated with or without 4-PBA for 18 hours, followed by 10 mM forskolin stimulation for 30 minutes. As observed previously, DYT1 fibroblast lines
have significantly lower levels of cAMP accumulation after forskolin stimulation compared to healthy control fibroblast lines (**P,0.01; one-way
ANOVA and Tukey’s post hoc comparison, n=3 experiments). However, the 4-PBA treatments also significantly rescued cAMP accumulation
deficiency in DYT1 patient fibroblast lines comparable to control fibroblasts cAMP levels (*P,0.5; one-way ANOVA and Tukey’s post hoc comparison,
n=3 experiments). (B) No significant changes were observed in the intracellular ATP levels from healthy control cells (HF6, GM01651, GM02912) and
DYT1 fibroblast cells (GM2306, GM02551, GM3211).
doi:10.1371/journal.pone.0110086.g004
Figure 5. Model of torsinA modulation of cAMP. In healthy fibroblast cells (left panel), forskolin stimulates adenylate cyclase (AC) to synthesis
cAMP, and there is no presence of Endoplasmic Reticulum (ER) stress in normal conditions. In absence of torsinA or in presence of mutant torsinA,
torsinADE (right panel), cells present increased ER stress and lower cAMP accumulation. However, 4-PBA treatment rescues both ER stress and cAMP
accumulation defects in DYT1 dystonia cell models by unoknow mechanism (s).
doi:10.1371/journal.pone.0110086.g005
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PLOS ONE | www.plosone.org 7 November 2014 | Volume 9 | Issue 11 | e110086Numerous lines of evidence have linked dopaminergic dysfunc-
tion to dystonia [4,5]. The physiological actions of dopamine are
mediated by five distinct but closely related G protein-coupled
receptors (GPCRs) that are divided into two major groups: the D1
(D1, D5) and D2 (D2, D3. D4) classes of dopamine receptors [62].
The D2 class is coupled to inhibitory G-proteins (G0/i) that
decrease adenylate cyclase activity and cAMP levels, in contrast to
the D1 class which acts through stimulatory G-proteins (e.g. Gsa)
to increase activity and cAMP levels [63]. Dystonia has been
associated with mutations in genes encoding proteins critical for
dopamine (DA) signaling, such as GTP-cyclohydrolase [34],
tyrosine hydroxylase [35], as well as polymorphisms in the DA
receptor subtype, D5R [64], and GNAL dystonia gene, which
encodes G a olf, a central component for striatal responses to
dopamine (DA) [36]. Furthermore, several imaging studies showed
various DA-related abnormalities, such as altered receptor binding
in basal ganglia, in patients with different forms of dystonia [65–
67]. Interestingly, it has been shown that adenylate cyclase
activation by forskolin is highly potentiated in the presence of
stimulatory G-proteins, such as G a olf [68]. Mutations in GNAL
remove essential functional regions of Gaolf, responsible for
activation of the G protein receptor D1 and Adenosine Receptor
A2 (A2R), affecting cAMP accumulation. Thus, it is possible that
mutations in GNAL and TOR1A genes may lead to dystonia via a
common mechanism related to cAMP signaling. Perhaps torsinA
participates in the proper folding/oligomerization of GPCR, or
stimulatory G-proteins, reducing the function of these proteins.
Our results suggest that 4-PBA may have clinical utility in the
treatment of dystonia. 4-PBA is a low molecular weight fatty acid
already approved for clinical use as an ammonia scavenger in
children with urea cycle disorders [69]. Several groups revealed
that 4-PBA reverses the mislocalization and/or aggregation of the
protein associated with human disease, including the DF508 cystic
fibrosis transmembrane conductance regulator [47], mutant a1-
antitrypsin [70]. In addition, 4-PBA improves the trafficking of the
serotonin transporter (SERT) [71], by reversing the misfolded
proteins and decreasing the protein folding load in the ER,
therefore providing protective effects against ER stress. A previous
study has shown that 4-PBA treatment decreases ER stress with
regard to the following general ER stress markers: BiP, CHOP,
activating transcription factor 4 (ATF4), as well as sXBP1 [56].
Additionally, 4-PBA alleviates ER stress by the Pael receptor,
which is thought to be accumulated in PARK2, one type of
inherited Parkinson’s disease [72], reduced the area of damage due
to ischemia in a rat model of cerebral infarction [73], it has been
found to prolong life [74], and contribute to therapy for spinal
muscular atrophy [75] by altering the pattern of gene expression.
4-PBA has high potential to treat neurologic diseases because it
penetrates the blood–brain barrier, and exhibits significant
neuroprotective effects in mouse models of neurodegenerative
diseases, such as Alzheimer’s disease (AD) [76], and Parkinson’s
disease (PD) [77]. As described above 4-PBA has multiple
applications. It can be explained by the fact that 4-PBA has also
multiple functions. First, 4-PBA may act as a chemical chaperone
preventing the mislocalization and/or aggregation of proteins
associated with human disease. Second, 4-PBA also possesses
histone deacetylase (HDAC)-inhibitor activity. Initially HDAC
inhibitors were designed as anti-cancer agents because of their
important roles in the epigenetic regulation of protein translation.
Recently, HDAC inhibitors have been implicated in the treatment
of many neurodegenerative diseases [78]. Furthermore, the
HDAC inhibitory function of 4-PBA has also been studied in
neurodegenerative diseases related to abnormal histone acetyla-
tion, such as Huntington’s disease (HD) [79], amyotrophic lateral
sclerosis (ALS) [80], and spinal muscular atrophy (SMA) [75].
The precise steps by which mutant torsinA leads to impaired
cAMP accumulation are not known, but it may involve an ER
dysfunction. Further studies are needed to test this hypothesis, and
to determine the efficacy of treatment of DYT1 dystonia that
targets both ER stress and cAMP cascade. More studies are also
needed to elucidate whether 4-PBA is functioning as a HDAC
inhibitor or as a molecular chaperone in our dystonia cell models.
This will provide insightful information for the structural
optimization of this compound. Nevertheless, therapies working
through the ER stress and cAMP cascade in the striatum may have
the potential to benefit dystonia patients by alleviating dystonic
symptoms. Animal studies will determine whether 4-PBA can be
used to treat, as well as prevent, DYT1 dystonia.
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Figure S1 Neurons expressing torsinADE has higher ER stress
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independent experiments, with average of 2–3 embryos per
genotype). Relative expression of sliced sXBP1 mRNA levels was
measured by quantitative PCR. Results might indicate that the
presence of torsinADE increases ER stress in neurons.
(PDF)
Table S1 Human fibroblast cells used in this study.
(PDF)
Acknowledgments
We thank Ms. Elizabeth Shepherd for skilled editorial assistance. We thank
Dr. Xandra Breakefield for advice and for providing healthy fibroblast cells
and DYT1 fibroblast cells; Dr. Dr. Mirella Filocamo (Biobank from
Patients affected by Genetic Diseases, L’Istituto Giannina Gaslini, Genoa,
Italy), and a member of the Telethon Network of Genetic Biobanks (project
no. GTB12001), for providing DYT1 line; Dr. Laurie Ozelius for
assistance with confirmation of DYT1 genotype lines; and Trisha
Multhaupt-Buell for assistance with Yale Fibroblast Bank information,
and IRB.
Author Contributions
Conceived and designed the experiments: FCN JAC GMM WIL.
Performed the experiments: FCN JAC XZ. Analyzed the data: FCN
JAC XZ. Contributed reagents/materials/analysis tools: FCN JAC WIL.
Wrote the paper: FCN JAC GMM WIL.
References
1. Ozelius LJ, Hewett JW, Page CE, Bressman SB, Kramer PL, et al. (1997) The
early-onset torsion dystonia gene (DYT1) encodes an ATP-binding protein.
Nature genetics 17: 40–48.
2. Burke RE, Fahn S, Marsden CD (1986) Torsion dystonia: a double-blind,
prospective trial of high-dosage trihexyphenidyl. Neurology 36: 160–164.
3. Bronte-Stewart H (2003) Surgical therapy for dystonia. Curr Neurol Neurosci
Rep 3: 296–305.
4. Breakefield XO, Blood AJ, Li Y, Hallett M, Hanson PI, et al. (2008) The
pathophysiological basis of dystonias. Nature reviews Neuroscience 9: 222–234.
5. Bragg DC, Armata IA, Nery FC, Breakefield XO, Sharma N (2011) Molecular
pathways in dystonia. Neurobiol Dis 42: 136–147.
6. Atai NA, Ryan SD, Kothary R, Breakefield XO, Nery FC (2012) Untethering
the nuclear envelope and cytoskeleton: biologically distinct dystonias arising
from a common cellular dysfunction. International journal of cell biology 2012:
634214.
Dystonia in ER Stress and cAMP Signaling
PLOS ONE | www.plosone.org 8 November 2014 | Volume 9 | Issue 11 | e1100867. Dang MT, Yokoi F, McNaught KS, Jengelley TA, Jackson T, et al. (2005)
Generation and characterization of Dyt1 DeltaGAG knock-in mouse as a model
for early-onset dystonia. Experimental neurology 196: 452–463.
8. Sharma N, Baxter MG, Petravicz J, Bragg DC, Schienda A, et al. (2005)
Impaired motor learning in mice expressing torsinA with the DYT1 dystonia
mutation. The Journal of neuroscience: the official journal of the Society for
Neuroscience 25: 5351–5355.
9. Dang MT, Yokoi F, Pence MA, Li Y (2006) Motor deficits and hyperactivity in
Dyt1 knockdown mice. Neuroscience research 56: 470–474.
10. Torres GE, Sweeney AL, Beaulieu JM, Shashidharan P, Caron MG (2004)
Effect of torsinA on membrane proteins reveals a loss of function and a
dominant-negative phenotype of the dystonia-associated DeltaE-torsinA mutant.
Proceedings of the National Academy of Sciences of the United States of
America 101: 15650–15655.
11. Goodchild RE, Kim CE, Dauer WT (2005) Loss of the dystonia-associated
protein torsinA selectively disrupts the neuronal nuclear envelope. Neuron 48:
923–932.
12. Nery FC, Zeng J, Niland BP, Hewett J, Farley J, et al. (2008) TorsinA binds the
KASH domain of nesprins and participates in linkage between nuclear envelope
and cytoskeleton. J Cell Sci 121: 3476–3486.
13. Hewett JW, Zeng J, Niland BP, Bragg DC, Breakefield XO (2006) Dystonia-
causing mutant torsinA inhibits cell adhesion and neurite extension through
interference with cytoskeletal dynamics. Neurobiology of disease 22: 98–111.
14. Nery FC, da Hora CC, Atai NA, Kim EY, Hettich J, et al. (2014) Microfluidic
platform to evaluate migration of cells from patients with DYT1 dystonia.
J Neurosci Methods 232: 181–188.
15. Hettich J, Ryan SD, de Souza ON, Saraiva Macedo Timmers LF, Tsai S, et al.
(2014) Biochemical and Cellular Analysis of Human Variants of the DYT1
Dystonia Protein, TorsinA/TOR1A. Hum Mutat.
16. Hewett JW, Tannous B, Niland BP, Nery FC, Zeng J, et al. (2007) Mutant
torsinA interferes with protein processing through the secretory pathway in
DYT1 dystonia cells. Proceedings of the National Academy of Sciences of the
United States of America 104: 7271–7276.
17. Hewett JW, Nery FC, Niland B, Ge P, Tan P, et al. (2008) siRNA knock-down of
mutant torsinA restores processing through secretory pathway in DYT1 dystonia
cells. Human molecular genetics 17: 1436–1445.
18. Cao S, Hewett JW, Yokoi F, Lu J, Buckley AC, et al. (2010) Chemical
enhancement of torsinA function in cell and animal models of torsion dystonia.
Disease models & mechanisms 3: 386–396.
19. Augood SJ, Hollingsworth Z, Albers DS, Yang L, Leung J, et al. (2004)
Dopamine transmission in DYT1 dystonia. Advances in neurology 94: 53–60.
20. Augood SJ, Hollingsworth Z, Albers DS, Yang L, Leung JC, et al. (2002)
Dopamine transmission in DYT1 dystonia: a biochemical and autoradiogra-
phical study. Neurology 59: 445–448.
21. Perlmutter JS, Mink JW (2004) Dysfunction of dopaminergic pathways in
dystonia. Advances in neurology 94: 163–170.
22. Granata A, Watson R, Collinson LM, Schiavo G, Warner TT (2008) The
dystonia-associated protein torsinA modulates synaptic vesicle recycling. The
Journal of biological chemistry 283: 7568–7579.
23. Chen P, Burdette AJ, Porter JC, Ricketts JC, Fox SA, et al. (2010) The early-
onset torsion dystonia-associated protein, torsinA, is a homeostatic regulator of
endoplasmic reticulum stress response. Human molecular genetics 19: 3502–
3515.
24. Nery FC, Armata IA, Farley JE, Cho JA, Yaqub U, et al. (2011) TorsinA
participates in endoplasmic reticulum-associated degradation. Nat Commun 2:
393.
25. Esapa CT, Waite A, Locke M, Benson MA, Kraus M, et al. (2007) SGCE
missense mutations that cause myoclonus-dystonia syndrome impair epsilon-
sarcoglycan trafficking to the plasma membrane: modulation by ubiquitination
and torsinA. Human molecular genetics 16: 327–342.
26. Cousin MA, Evans GJ (2011) Activation of silent and weak synapses by cAMP-
dependent protein kinase in cultured cerebellar granule neurons. J Physiol 589:
1943–1955.
27. Oliveira RF, Kim M, Blackwell KT (2012) Subcellular location of PKA controls
striatal plasticity: stochastic simulations in spiny dendrites. PLoS Comput Biol 8:
e1002383.
28. Sancesario G, Giorgi M, D’Angelo V, Modica A, Martorana A, et al. (2004)
Down-regulation of nitrergic transmission in the rat striatum after chronic
nigrostriatal deafferentation. The European journal of neuroscience 20: 989–
1000.
29. Kanellopoulos AK, Semelidou O, Kotini AG, Anezaki M, Skoulakis EM (2012)
Learning and memory deficits consequent to reduction of the fragile X mental
retardation protein result from metabotropic glutamate receptor-mediated
inhibition of cAMP signaling in Drosophila. The Journal of neuroscience: the
official journal of the Society for Neuroscience 32: 13111–13124.
30. Kelley DJ, Davidson RJ, Elliott JL, Lahvis GP, Yin JC, et al. (2007) The cyclic
AMP cascade is altered in the fragile X nervous system. PLoS One 2: e931.
31. Gines S, Seong IS, Fossale E, Ivanova E, Trettel F, et al. (2003) Specific
progressive cAMP reduction implicates energy deficit in presymptomatic
Huntington’s disease knock-in mice. Human molecular genetics 12: 497–508.
32. Huang NK, Lin JH, Lin JT, Lin CI, Liu EM, et al. (2011) A new drug design
targeting the adenosinergic system for Huntington’s disease. PLoS One 6:
e20934.
33. Beavo JA, Brunton LL (2002) Cyclic nucleotide research — still expanding after
half a century. Nat Rev Mol Cell Biol 3: 710–718.
34. Ichinose H, Ohye T, Takahashi E, Seki N, Hori T, et al. (1994) Hereditary
progressive dystonia with marked diurnal fluctuation caused by mutations in the
GTP cyclohydrolase I gene. Nature genetics 8: 236–242.
35. Furukawa Y, Graf WD, Wong H, Shimadzu M, Kish SJ (2001) Dopa-responsive
dystonia simulating spastic paraplegia due to tyrosine hydroxylase (TH) gene
mutations. Neurology 56: 260–263.
36. Fuchs T, Saunders-Pullman R, Masuho I, Luciano MS, Raymond D, et al.
(2013) Mutations in GNAL cause primary torsion dystonia. Nature genetics 45:
88–92.
37. Pollock RJ, Kapatos G, Kaufman S (1981) Effect of cyclic AMP-dependent
protein phosphorylating conditions on the pH-dependent activity of tyrosine
hydroxylase from beef and rat striata. J Neurochem 37: 855–860.
38. Hirayama K, Shimoji M, Swick L, Meyer A, Kapatos G (2001) Characterization
of GTP cyclohydrolase I gene expression in the human neuroblastoma SKN-
BE(2)M17: enhanced transcription in response to cAMP is conferred by the
proximal promoter. J Neurochem 79: 576–587.
39. Chen X, Xu L, Radcliffe P, Sun B, Tank AW (2008) Activation of tyrosine
hydroxylase mRNA translation by cAMP in midbrain dopaminergic neurons.
Mol Pharmacol 73: 1816–1828.
40. Herve D (2011) Identification of a specific assembly of the g protein golf as a
critical and regulated module of dopamine and adenosine-activated cAMP
pathways in the striatum. Frontiers in neuroanatomy 5: 48.
41. Bakowska JC, Di Maria MV, Camp SM, Wang Y, Allen PD, et al. (2003)
Targeted transgene integration into transgenic mouse fibroblasts carrying the
full-length human AAVS1 locus mediated by HSV/AAV rep(+)h y b r i d
amplicon vector. Gene therapy 10: 1691–1702.
42. Breakefield XO, Braverman M, Riker DK, Giller EL Jr (1981) Catechol-O-
methyltransferase activity in cultured human skin fibroblasts from controls and
patients with dystonia musculorum deformans. Journal of neuroscience research
6: 349–360.
43. Gatti R, DiNatale P, Villani GR, Filocamo M, Muller V, et al. (1997) Mutations
among Italian mucopolysaccharidosis type I patients. J Inherit Metab Dis 20:
803–806.
44. Batshaw ML, MacArthur RB, Tuchman M (2001) Alternative pathway therapy
for urea cycle disorders: twenty years later. J Pediatr 138: S46–54; discussion
S54–45.
45. Kouraklis G, Theocharis S (2006) Histone deacetylase inhibitors: a novel target
of anticancer therapy (review). Oncol Rep 15: 489–494.
46. Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, et al. (2006)
Chemical chaperones reduce ER stress and restore glucose homeostasis in a
mouse model of type 2 diabetes. Science 313: 1137–1140.
47. Rubenstein RC, Zeitlin PL (2000) Sodium 4-phenylbutyrate downregulates
Hsc70: implications for intracellular trafficking of DeltaF508-CFTR. American
journal of physiology Cell physiology 278: C259–267.
48. Perlmutter DH (2002) Chemical chaperones: a pharmacological strategy for
disorders of protein folding and trafficking. Pediatric research 52: 832–836.
49. Kothe M, Ye Y, Wagner JS, De Luca HE, Kern E, et al. (2005) Role of p97
AAA-ATPase in the retrotranslocation of the cholera toxin A1 chain, a non-
ubiquitinated substrate. The Journal of biological chemistry 280: 28127–28132.
50. Zhao L, Ackerman SL (2006) Endoplasmic reticulum stress in health and
disease. Current opinion in cell biology 18: 444–452.
51. Zhang K, Kaufman RJ (2006) The unfolded protein response: a stress signaling
pathway critical for health and disease. Neurology 66: S102–109.
52. Sharma N, Hewett J, Ozelius LJ, Ramesh V, McLean PJ, et al. (2001) A close
association of torsinA and alpha-synuclein in Lewy bodies: a fluorescence
resonance energy transfer study. The American journal of pathology 159: 339–
344.
53. Walker RH, Shashidharan P (2003) Developments in the molecular biology of
DYT1 dystonia. Mov Disord 18: 1102–1107.
54. Watts GD, Wymer J, Kovach MJ, Mehta SG, Mumm S, et al. (2004) Inclusion
body myopathy associated with Paget disease of bone and frontotemporal
dementia is caused by mutant valosin-containing protein. Nature genetics 36:
377–381.
55. Nishitoh H, Kadowaki H, Nagai A, Maruyama T, Yokota T, et al. (2008) ALS-
linked mutant SOD1 induces ER stress- and ASK1-dependent motor neuron
death by targeting Derlin-1. Genes & development 22: 1451–1464.
56. Fonseca SG, Urano F, Weir GC, Gromada J, Burcin M (2012) Wolfram
syndrome 1 and adenylyl cyclase 8 interact at the plasma membrane to regulate
insulin production and secretion. Nature cell biology 14: 1105–1112.
57. Lin JT, Chang WC, Chen HM, Lai HL, Chen CY, et al. (2013) Regulation of
feedback between protein kinase A and the proteasome system worsens
Huntington’s disease. Molecular and cellular biology 33: 1073–1084.
58. Zhang F, Hu Y, Huang P, Toleman CA, Paterson AJ, et al. (2007) Proteasome
function is regulated by cyclic AMP-dependent protein kinase through
phosphorylation of Rpt6. The Journal of biological chemistry 282: 22460–
22471.
59. Kachi T (2001) [Medical treatment of dystonia]. Rinsho shinkeigaku = Clinical
neurology 41: 1181–1182.
60. Mezaki T, Hayashi A, Nakase H, Hasegawa K (2005) [Therapy of dystonia in
Japan]. Rinsho shinkeigaku = Clinical neurology 45: 634–642.
Dystonia in ER Stress and cAMP Signaling
PLOS ONE | www.plosone.org 9 November 2014 | Volume 9 | Issue 11 | e11008661. Cherry JA, Thompson BE, Pho V (2001) Diazepam and rolipram differentially
inhibit cyclic AMP-specific phosphodiesterases PDE4A1 and PDE4B3 in the
mouse. Biochimica et biophysica acta 1518: 27–35.
62. Vallone D, Picetti R, Borrelli E (2000) Structure and function of dopamine
receptors. Neurosci Biobehav Rev 24: 125–132.
63. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG (1998) Dopamine
receptors: from structure to function. Physiol Rev 78: 189–225.
64. Placzek MR, Misbahuddin A, Chaudhuri KR, Wood NW, Bhatia KP, et al.
(2001) Cervical dystonia is associated with a polymorphism in the dopamine (D5)
receptor gene. J Neurol Neurosurg Psychiatry 71: 262–264.
65. Brashear A, Mulholland GK, Zheng QH, Farlow MR, Siemers ER, et al. (1999)
PET imaging of the pre-synaptic dopamine uptake sites in rapid-onset dystonia-
parkinsonism (RDP). Mov Disord 14: 132–137.
66. Naumann M, Pirker W, Reiners K, Lange KW, Becker G, et al. (1998) Imaging
the pre- and postsynaptic side of striatal dopaminergic synapses in idiopathic
cervical dystonia: a SPECT study using [123I] epidepride and [123I] beta-CIT.
Mov Disord 13: 319–323.
67. Perlmutter JS, Stambuk MK, Markham J, Black KJ, McGee-Minnich L, et al.
(1997) Decreased [18F]spiperone binding in putamen in idiopathic focal
dystonia. J Neurosci 17: 843–850.
68. Darfler FJ, Mahan LC, Koachman AM, Insel PA (1982) Stimulation of forskolin
of intact S49 lymphoma cells involves the nucleotide regulatory protein of
adenylate cyclase. J Biol Chem 257: 11901–11907.
69. Maestri NE, Brusilow SW, Clissold DB, Bassett SS (1996) Long-term treatment
of girls with ornithine transcarbamylase deficiency. The New England journal of
medicine 335: 855–859.
70. Burrows JA, Willis LK, Perlmutter DH (2000) Chemical chaperones mediate
increased secretion of mutant alpha 1-antitrypsin (alpha 1-AT) Z: A potential
pharmacological strategy for prevention of liver injury and emphysema in alpha
1-AT deficiency. Proceedings of the National Academy of Sciences of the United
States of America 97: 1796–1801.
71. Fujiwara M, Yamamoto H, Miyagi T, Seki T, Tanaka S, et al. (2013) Effects of
the chemical chaperone 4-phenylbutylate on the function of the serotonin
transporter (SERT) expressed in COS-7 cells. Journal of pharmacological
sciences 122: 71–83.
72. Kubota K, Niinuma Y, Kaneko M, Okuma Y, Sugai M, et al. (2006)
Suppressive effects of 4-phenylbutyrate on the aggregation of Pael receptors and
endoplasmic reticulum stress. Journal of neurochemistry 97: 1259–1268.
73. Qi X, Hosoi T, Okuma Y, Kaneko M, Nomura Y (2004) Sodium 4-
phenylbutyrate protects against cerebral ischemic injury. Molecular pharmacol-
ogy 66: 899–908.
74. Kang HL, Benzer S, Min KT (2002) Life extension in Drosophila by feeding a
drug. Proceedings of the National Academy of Sciences of the United States of
America 99: 838–843.
75. Andreassi C, Angelozzi C, Tiziano FD, Vitali T, De Vincenzi E, et al. (2004)
Phenylbutyrate increases SMN expression in vitro: relevance for treatment of
spinal muscular atrophy. Eur J Hum Genet 12: 59–65.
76. Ricobaraza A, Cuadrado-Tejedor M, Marco S, Perez-Otano I, Garcia-Osta A
(2012) Phenylbutyrate rescues dendritic spine loss associated with memory
deficits in a mouse model of Alzheimer disease. Hippocampus 22: 1040–1050.
77. Inden M, Kitamura Y, Takeuchi H, Yanagida T, Takata K, et al. (2007)
Neurodegeneration of mouse nigrostriatal dopaminergic system induced by
repeated oral administration of rotenone is prevented by 4-phenylbutyrate, a
chemical chaperone. J Neurochem 101: 1491–1504.
78. Chuang DM, Leng Y, Marinova Z, Kim HJ, Chiu CT (2009) Multiple roles of
HDAC inhibition in neurodegenerative conditions. Trends in neurosciences 32:
591–601.
79. Gardian G, Browne SE, Choi DK, Klivenyi P, Gregorio J, et al. (2005)
Neuroprotective effects of phenylbutyrate in the N171-82Q transgenic mouse
model of Huntington’s disease. The Journal of biological chemistry 280: 556–
563.
80. Del Signore SJ, Amante DJ, Kim J, Stack EC, Goodrich S, et al. (2009)
Combined riluzole and sodium phenylbutyrate therapy in transgenic amyotro-
phic lateral sclerosis mice. Amyotroph Lateral Scler 10: 85–94.
Dystonia in ER Stress and cAMP Signaling
PLOS ONE | www.plosone.org 10 November 2014 | Volume 9 | Issue 11 | e110086